Donor lymphocyte infusion (DLI) into patients with a relapse of their leukemia or multiple myeloma after allogeneic stem cell transplantation (alloSCT) has been shown to be a successful treatment approach. The hematopoiesis-restricted minor histocompatibility antigens (mHAgs) HA-1 or HA-2 expressed on malignant cells of the recipient may serve as target antigens for alloreactive donor T cells. Recently we treated three mHAg HA-1-and͞or HA-2-positive patients with a relapse of their disease after alloSCT with DLI from their mHAg HA-1-and͞or HA-2-negative donors. Using HLA-A2͞HA-1 and HA-2 peptide tetrameric complexes we showed the emergence of HA-1-and HA-2-specific CD8 ؉ T cells in the blood of the recipients 5-7 weeks after DLI. The appearance of these tetramer-positive cells was followed immediately by a complete remission of the disease and restoration of 100% donor chimerism in each of the patients. Furthermore, cloned tetramer-positive T cells isolated during the clinical response specifically recognized HA-1 and HA-2 expressing malignant progenitor cells of the recipient and inhibited the growth of leukemic precursor cells in vitro. Thus, HA-1-and HA-2-specific cytotoxic T lymphocytes emerging in the blood of patients after DLI demonstrate graft-versus-leukemia or myeloma reactivity resulting in a durable remission. This finding implies that in vitro generated HA-1-and HA-2-specific cytotoxic T lymphocytes could be used as adoptive immunotherapy to treat hematological malignances relapsing after alloSCT.
T reatment of patients with leukemia relapsing after allogeneic stem cell transplantation (alloSCT) by donor lymphocyte infusion (DLI) can induce long-lasting complete remissions through graft-versus-leukemia (GVL) reactivity (1) (2) (3) (4) . Complete molecular remissions (mCRs) of relapsed chronic myeloid leukemia (CML) in chronic phase have been obtained in 70-80% of treated patients (5) (6) (7) . In contrast, patients with relapsed acute leukemia or CML in accelerated phase or blast crisis respond in only 20-35% of the cases (3, 7, 8) . In a minority of patients with relapsed or persistent multiple myeloma, a graft-versus-myeloma effect after DLI has been demonstrated as well (9) (10) (11) .
Little is known about the nature and kinetics of antileukemic T cell responses involved in the GVL or graft-versus-myeloma effect after DLI. In patients with relapsed CML after alloSCT who have been treated with low-dose DLI, the time to achieve an mCR may vary from several weeks to 1 year (5, 12) . Previously we showed that 5-15 weeks after DLI for relapsed CML significantly increased numbers of cytotoxic T lymphocytes (CTLs) recognizing malignant hematopoietic progenitor cells (HPCs) could be detected in peripheral blood of the recipients (13) .
In HLA genotypically identical donor-recipient pairs alloreactive donor T cells may recognize minor histocompatibility antigens (mHAgs) expressed on recipient cells (14) . Ubiquitously expressed mHAgs such as HY (15) (16) (17) (18) (19) (20) , HA-3, HA-4, HA-6, HA-7 (14, 15) , and HA-8 (21) may play a role in both graftversus-host disease (GVHD) and GVL or graft-versus-myeloma effects. In contrast, mHAgs exclusively expressed on recipient cells of hematopoietic origin such as HA-1 and HA-2 (15) or on lineage-specific hematopoietic cells such as HB-1 (23) may result in GVL reactivity in the absence of severe GVHD.
Based on the latter restricted expression, we postulated that DLI for relapsed hematological malignancies from mHAg HA-1 Ϫ and͞or HA-2 Ϫ donors into HA-1 ϩ and͞or HA-2 ϩ recipients may induce mHAg-specific T cell responses associated with a complete remission.
Antigen-specific T cells involved in immune responses in vivo against target antigens of which the peptides of interest have been characterized can be detected by using HLA͞peptide tetramers (24) (25) (26) (27) (28) . Similar to the approach in viral infections it is also possible to measure tissue-or tumor-specific immune responses (29) (30) (31) (32) . Recently, we demonstrated the presence of increased numbers of mHAg-specific CTLs during GVHD by HLA͞HY and -HA-1 tetramer staining (33) .
Using HLA-A2͞HA-1 or HA-2 peptide tetramers, we have analyzed the kinetics of such T cell responses after DLI in one donor-recipient pair incompatible for both HA-1 and HA-2 and in two HA-1-incompatible donor-recipient pairs. We show that complete hematological responses and conversion from mixed to complete donor chimerism after DLI for relapsed CML and multiple myeloma after alloSCT are associated with a rapid increase in HA-1 and HA-2 tetramer ϩ T cells in peripheral blood. Thereafter, tetramer ϩ T cells persisted at a low frequency compatible with immunological memory. To prove their functional relevance in the GVL effect we isolated tetramer ϩ T cells and showed that these HA-1-or HA-2-specific T cells displayed cytotoxic reactivity against leukemic and normal recipient hematopoietic cells but not to donor cells and were capable of antigen-specific suppression of the leukemic hematopoietic precursor cell growth. Our results illustrate that donor T cells specific for the hematopoiesis-restricted mHAg HA-1 or HA-2 expressed on recipient cells can be involved in the induction of complete remissions of relapsed hematological malignancies after alloSCT.
Case Reports
The three patients received a conditioning regimen consisting of cyclophosphamide and total-body irradiation and were subsequently transplanted with granulocyte colony-stimulating factormobilized peripheral blood stem cells (PBSCs) from their HLAidentical donors (Table 1) after informed consent. In vitro Campath-1H was used to deplete the PBSC graft of T cells as GVHD prophylaxis.
Patient 1 was a 47-year-old woman with CML in chronic phase who experienced GVHD grade I of the skin after transplantation. Nine months after alloSCT a cytogenetic relapse was detected. Retrospective molecular analysis of stored samples showed the presence of BCR͞ABL transcripts at 3 and 6 months after transplantation. In preparation to DLI she was treated with 3 ϫ 10 6 units of ␣-IFN daily s.c. Four weeks later the CML had progressed to a hematological relapse, and 10 7 donor mononuclear cells (MNCs) per kg body weight (BW) were administered. After DLI she achieved an mCR that was associated with a transient pancytopenia and conversion to 100% donor chimerism. The DLI was complicated by grade I GVHD of the skin and mouth for which no systemic immunosuppressive treatment was necessary. Presently, 3 years after DLI, she is in good clinical condition without GVHD and in mCR.
Patient 2 was a 46-year-old male patient with CML in chronic phase who experienced no GVHD after transplantation. Follow-up studies after alloSCT were repeated every 3 months for 1.5 years and showed a complete cytogenetic remission as tested by classical cytogenetic analysis and BCR͞ABL fluorescence in situ hybridization. However, chimerism analysis always showed partial donor chimerism. Eighteen months after alloSCT a molecular relapse was detected rapidly followed by a lymphatic blast crise. After treatment with cytarabine and daunorubicin a molecular relapse persisted. Two months after chemotherapy he received 10 8 donor MNCs per kg BW combined with 3 ϫ 10 6 units of ␣-IFN daily s.c. Eight weeks after DLI an mCR and conversion to 100% donor chimerism was obtained. However, GVHD grade II developed, which was treated with 1 mg prednisolone͞kg BW. During the immunosuppressive treatment BCR͞ABL transcripts became positive again. Chimerism analysis persistently showed 100% donor cells. Six months after DLI a severe cardiomyopathy with pulmonary and pericardial fluid retention developed. Several months later he died as a consequence of the cardiac dysfunction.
Patient 3 was a 48-year-old woman with multiple myeloma who developed GVHD grade II of the skin after transplantation, which was treated with prednisolone and cyclosporin A. The M-protein level decreased after transplantation to 3 g͞liter, but scattered myeloma cells persisted in the bone marrow. Despite the discontinuation of immunosuppressive treatment 1.5 years after transplantation, the M-protein level increased, and bone marrow examination revealed the presence of 2% myeloma cells and mixed donor chimerism. She was treated with 3 ϫ 10 6 units of ␣-IFN͞day s.c. 2 weeks later followed by infusion of 10 7 donor MNCs per kg BW. This resulted in disappearance of the M protein, disappearance of the malignant plasma cells from the bone marrow, and conversion to 100% donor chimerism. After DLI grade II GVHD developed, which was treated with 1 mg prednisolone͞kg BW and cyclosporin A, which could be tapered slowly without recurrence of malignant cells. Presently, Ͼ2 years after DLI she is in complete remission and in good clinical condition without GVHD.
Materials and Methods
Blood and Bone Marrow Samples. To study the phenotype and functional characteristics of peripheral blood MNCs and bone marrow MNCs, heparinized samples were collected after informed consent at regular intervals after alloSCT and DLI, isolated, and cryopreserved for future use. Immediately before use the MNCs were thawed and resuspended in Iscove's modified Dulbecco medium plus 10% pooled human serum.
HLA Class I-mHAg Peptide Tetrameric Complexes. Tetramers were constructed as described (34) with minor modifications and consisted of the hematopoiesis-restricted mHAg HA-1 or HA-2 peptides bound to HLA-A2 molecules. In addition, tetramers were made of the male-specific HY peptide derived from the SMCY gene (16) Detection of BCR͞ABL ؉ Cells. Real-time BCR͞ABL PCR analysis was performed on an ABI͞Prism 7700 sequence-detector system (Applied Biosystems, Foster City, CA) as described (35) . The limit of detection for this assay is a BCR͞ABL to porphobilinogen deaminase ratio of 10
Ϫ5
. BCR͞ABL fluorescence in situ hybridization was performed as described (36) by using locusspecific identifier BCR͞ABL extra signal probes (Vysis, Downers Grove, IL). Classical cytogenetic analysis was performed by GTG-banding.
Chimerism Analysis. Chimerism analysis of blood and bone marrow samples from patients who were transplanted with donors of the opposite sex was performed by fluorescence in situ hybridization using X and Y chromosome-specific probes as described (36) with minor modifications. A chromosome X centromerespecific DNA probe (37) and a chromosome Y heterochromaticspecific DNA probe were used (38) . Chimerism studies on cells from patients with a donor of the same sex were performed by PCR analysis with primers specific for selected polymorphic short tandem repeats using the AmpFLSTR Profiler Plus ID amplification kit (Applied Biosystems) and a GeneAmp 9700 thermocycler (Applied Biosystems) using AmpliTaq Gold DNA polymerase (Applied Biosystems). PCR products were analyzed by using the ABI PRISM 310 Genetic Analyzer and GENESCAN 2.1 analysis software (Applied Biosystems).
Generation of mHAg-Specific CTL Clones. To isolate HA-1 and HA-2 tetramer ϩ T cells, peripheral blood MNCs from patient 1, collected 7 or 12 weeks after DLI, were stained at 4°C for 2 h with the relevant tetramer and sorted at a concentration of one cell per well by using a FACSVantage (Becton Dickinson). Tetramer ϩ T cells were cultured in Iscove's modified Dulbecco medium plus 10% human serum and stimulated nonspecifically with irradiated allogeneic feeder cells, phytohemagglutinin, and 120 units͞ml IL-2 until enough HA-1-or HA-2-specific effector T cells could be harvested to perform functional assays. Functional Assays.
51
Cr-release assays were performed as described (39) . The liquid HPC growth-inhibition assay was performed as described (13) . Effector cells were irradiated with 25 Gy before use preventing their proliferation in the liquid HPC growth-inhibition assay. Recipient malignant HPCs collected before transplantation and before DLI were used as target cells as well as HPCs from unrelated HLA-A2 ϩ , HA-1 ϩ , and͞or HA-2 ϩ CML patients. In addition to the HA-1-and HA-2-specific CTL clones, an HLA-A1-restricted HY-specific CTL clone was used as a negative control, and an allospecific anti-HLA-A2 CTL clone (MBM-13) was used as a positive control. The IFN-␥-capture assay was performed as described (40) .
Results
Phenotype, Disease Marker, and Chimerism Analysis. Case 1. In this donor-patient combination both HA-1 and HA-2 disparity was present in the GVL͞GVH direction. Before DLI the level of HA-1-and HA-2-specific CTLs per ml blood as detected by tetramer staining was low (Յ0.02%). A rapid increase to Ͼ2,500 HA-2 tetramer ϩ T cells per ml was detected 5-7 weeks after DLI (Fig. 1a) . At a somewhat slower rate, HA-1 tetramer ϩ T cells also started to rise 5 weeks after DLI and reached a level of 1,265 cells per ml 7 weeks after DLI. Nonspecific T cell activation or staining with tetramers after DLI was excluded because the number of HLA-A2 restricted HY-specific T cells did not change in this female-to-female transplantation (Fig. 1a) . The peak of HA-1 and HA-2 tetramer ϩ T cells was followed immediately by disappearance of malignant recipient white blood cells resulting in a transient pancytopenia, disappearance of BCR͞ABL transcripts from blood and bone marrow (Fig. 1b) , and conversion to 100% donor chimerism. After entering an mCR the number of tetramer ϩ T cells decreased, but in contrast to the period before DLI, HA-1-and HA-2-specific T cells remained clearly detectable (Fig. 1a) . Case 2. In this donor-patient combination HA-1 and HY disparities were present in the GVL͞GVH direction. Before DLI the level of HA-1-specific CTLs per ml of blood as detected by tetramer staining was low (Յ0.02%). Seven weeks after DLI the number of HA-1 tetramer ϩ T cells rapidly increased to Ͼ4,400 cells per ml (Fig. 2a) . In this female-to-male transplantation an increase of HLA-B7-restricted HY-specific T cells to Ͼ6,800 cells per ml was found. HLA-A2͞HY-specific T cells were not detectable (Fig. 2a) . Nonspecific T cell activation or staining with tetramers after DLI was excluded because the number of HA-2 tetramer ϩ T cells did not change in this HA-2 ϩ donorrecipient pair (Fig. 2a) . Immediately after the HA-1 tetramer ϩ T cell peak no BCR͞ABL transcripts were detectable anymore (Fig. 2b) , and complete donor chimerism developed. The patient developed grade II GVHD after DLI and was treated with 1 mg prednisolone͞kg BW. Although testing revealed persistent complete donor chimerism in the bone marrow, during the immunosuppressive treatment HA-1 tetramer ϩ T cells disappeared from the blood, coinciding with reappearance of BCR͞ABL transcripts compatible with a molecular relapse. Case 3. In this donor-patient combination HA-1 disparity was present in the GVL͞GVH direction. Before DLI the level of HA-1-specific CTLs per ml blood was low (Յ0.02%). Seven weeks after DLI the number of HA-1 tetramer ϩ T cells increased rapidly to Ͼ2,500 cells per ml (Fig. 3a) . In this male-to-female transplantation nonspecific T cell activation or staining with tetramers after DLI was excluded by using HLA-B7͞HY tetramer staining (Fig. 3a) . Four weeks after the tetramer ϩ T cell peak the M protein decreased to undetectable levels (Fig. 3b) , and bone marrow aspirates showed an absence of myeloma cells. The HA-1-specific T cell peak was followed by conversion to persistent complete donor chimerism. Because this patient suffered from grade II GVHD after DLI, she was treated with 1 mg prednisolone͞kg BW and cyclosporin A. In contrast to patient 2, HA-1 tetramer ϩ T cells were still detectable during this treatment on weeks 11 and 12.
The phenotype of the HA-1-or HA-2-specific T cells was similar in all three patients, expressing CD3, CD8, and HLA-DR. Cr-release assay and exhibited 16% lysis of the predominantly mature myeloid cells. Extending the incubation period from 4 to 20 h increased the percentage lysis from 16% to 28% (Fig. 4) . Twenty-two of the intermediately HA-1 tetramer-staining CTL clones lysed recipient EBV-LCLs (mean 22%; range 14-32%) after a prolonged incubation period of 20 h. The HA-1 dim CTL clones exhibited no cytotoxicity toward the CML cells even after prolonging the incubation period. The seventy HA-2 bright CTL clones showed a mean percentage lysis of 65% (range 28-83%) of recipient EBV-LCLs. Of these HA-2-specific CTL clones, four were tested against recipient CML cells in a 51 Cr-release assay and lysed those target cells to the same extent as the HA-1-specific CTL clones (mean 13%; range 8-16%). Representative examples of each type of HA-1-or HA-2-specific CTL clone are shown in Fig. 4 . As a negative control an HLA-A1-restricted HY-specific CTL clone was used and showed no lysis of the female target cells. As a positive control the HLA-A2 allospecific CTL clone MBM-13 was used and recognized cells from both the donor and recipient.
Alternatively, functionality of responder T cells present in peripheral blood at the moment of the tetramer ϩ T cell peak in the three patients was analyzed by the IFN-␥-capture assay. After 18 h of stimulation, 0.21% of T cells from patient 1, 0.68% of T cells from patient 2, and 0.21% of T cells from patient 3 produced IFN-␥. The percentages of CD8 ϩ ͞tetramer ϩ T cells measured in peripheral blood from patients 1-3 at the same moment were 0.43% (HA-2), 1.57% (HA-1), and 0.21% (HA-1) , respectively.
We have demonstrated that remissions obtained in patients with CML after DLI were associated with an increased frequency of T cells recognizing leukemic progenitor cells (13) . Therefore, we analyzed one high and one intermediate affinity mHAg HA-1-specific T cell clone and two high-affinity mHAg HA-2-specific T cell clones for their capacity to inhibit the growth of leukemic progenitor cells from the mHAg ϩ patient 1. The high-affinity anti-HA-1 or HA-2 donor T cells strongly inhibited in a dose-dependent way the growth of leukemic precursor cells from the recipient, collected before transplantation, but not of normal donor progenitor cells (Fig. 5 a, c, and  d) . Malignant progenitor cells from other HLA-A2 ϩ CML patients expressing the relevant mHAg were also recognized, in contrast to CML precursor cells from mHAg-negative HLA-A2 ϩ patients (Fig. 5 a, c, and d) . The recognition of target cells was antigen-specific as demonstrated by the absence of recognition of target cells by an irrelevant HLA-A1-restricted HYspecific CTL clone (Fig. 5e ). In these control experiments only cells from the HLA-A1 ϩ male CML patient Y were recognized. As a positive control the HLA-A2 allospecific CTL clone MBM-13 recognized cells from all individuals expressing the HLA-A2 antigen (data not shown). The low-affinity HA-1-specific T cell clone only inhibited to a very limited extent the growth of malignant recipient precursor cells (Fig. 5b) . Thus, high-affinity mHAg HA-1-and HA-2-reactive CTLs isolated from peripheral blood of patient 1 specifically lysed both normal and malignant recipient hematopoietic cells but not donor cells.
Discussion
Cellular immunotherapy is a potent treatment modality for patients with relapsed hematological malignancies after alloSCT. The curative effect of DLI has been illustrated by the induction of long-term complete remissions after DLI (1-4) .
We have demonstrated that the response to DLI is associated with an increased frequency in peripheral blood of T cells capable of recognizing leukemic precursor cells (13) . However, the molecular target structures for the effector T cells in this assay were unknown. Alloreactive T cells with specificity for mHAgs play an essential role in alloSCT, both in the GVH direction (14, 41) and in the host-versus-graft direction (42) (43) (44) . mHAgs broadly expressed on recipient cells are target molecules in both GVHD and GVL reactions. In contrast, T cells recognizing hematopoiesis-restricted mHAgs may induce a relative specific immune response against malignant hematopoietic recipient cells and induce no or only minor GVHD. Recently the differential recognition of skin tissue by T cells recognizing broadly versus hematopoiesis-restricted mHAgs has been demonstrated and discussed (45) .
In the present study we show in mHAg HA-1 and͞or HA-2 incompatible donor-recipient pairs a direct association between The direct involvement of HA-1-and HA-2-specific CTLs in the GVL response was demonstrated by complete suppression of leukemic progenitor cell growth in the absence of donor HPC growth inhibition. As reported previously, this assay is much more sensitive than the 51 Cr-release assay (13) . The relatively low percentage of lysis in the 51 Cr-release assay compared with the degree of leukemic progenitor cell-growth inhibition is not due to the fact that cytotoxic effector cells are unable to recognize these mature myeloid cells but that mature myeloid cells are relatively insensitive to lysis. Leukemic progenitor cells, however, are very sensitive to T cell-mediated killing.
Because the mHAgs HA-1 and HA-2 have a hematopoiesisrestricted tissue distribution and HA-1-and HA-2-specific donor T cells may be capable of eradicating hematological malignancies in vivo, HA-1 and HA-2 peptides may be used to generate mHAg-specific donor-derived CTLs in vitro. Such CTLs may be used to treat HA-1 ϩ or HA-2 ϩ patients who suffer from a relapse of their disease after alloSCT (22) .
In conclusion, using HLA-A2͞HA-1 and HA-2 peptide tetrameric complexes we demonstrate a profound increase in CD8 ϩ T cells specific for the hematopoiesis-restricted mHAgs HA-1 and HA-2, which is followed immediately by complete disappearance of BCR͞ABL ϩ cells or of the M protein and myeloma 
